Ingestion of the large pelagic ciliates Stentor araucanus and S. amethystinus by the cyclopoid copepod Mesocyclops araucanus was independent of light conditions and copepod sex, but rates were twice as high on S. araucanus as on S. amethystinus. Copepods consumed 44-183% of their biomass daily. Absorption efficiency was 5 -40%, while 20 -30% of the ingested food was found in the faeces. In field samples, 32-93% of Mesocyclops had ingested Stentor, indicating the importance of this food source.
unarmoured and swims slowly (Woelfl, 2007) . However, it is still uncertain whether cyclopoid copepods really ingest large ciliates like Stentor in considerable numbers and whether this trophic link is important for both the predator and the prey. The aim of this study was to test whether cyclopoid copepods ingest and assimilate Stentor under laboratory conditions and to estimate the potential impact in North Patagonian lakes. We conducted ingestion and assimilation experiments with females and males of Mesocyclops araucanus, the most abundant cyclopoid copepod in North Patagonian lakes (Woelfl, 2007) , against the two dominant Stentor species (Stentor araucanus, S. amethystinus) as prey. As the grazing rates of mesozooplankton can be light-dependent (Wu et al., 2010) , we measured the ingestion rates of M. araucanus in light and dark conditions. We estimated the absorption efficiency (AE) of Mesocyclops and losses by excretion. While the laboratory experiments were designed to test for differences between prey sex, prey species and light conditions, we analysed field samples where both species coexist, for evidence of ingestion of Stentor by Mesocyclops.
M. araucanus (adult size 0.9 -1.2 mm) was obtained from the oligotrophic Lake Panguipulli (39843 0 S/ 72813 0 W, Chile; surface area: 116.9 km 2 , z max : 268 m) using a 150-mm plankton net. Ciliates were gently sampled (50-mm plankton net) from the epilimnion of the oligotrophic Lake Caburgua (39807 0 S/71845 0 W, Chile; surface area: 51.9 km 2 , z max : 327 m). In the laboratory, the ciliates were maintained in 5 L bags at a constant temperature (198C) and a 12:12 h light -dark cycle ( 200 mmol photon m 22 s 21 ) for two to four days prior to the ingestion and assimilation experiments. The copepods were starved for 48 h in 1 L glass bottles in 0.45-mm filtered lake water before experiments were started to ensure that guts were completely empty.
The ingestion rates of male and female M. araucanus were determined with either S. araucanus or S. amethystinus as food sources in separate incubations. Live individuals of the two species were separated using a stereomicroscope at Â20-40, and washed twice in 0.45-mm filtered lake water. Ten replicate beakers, each containing 20 Stentor cells and one copepod suspended in 25 mL of filtered lake water, were incubated for 24 h at 19 + 18C, which corresponds to summer field temperatures and maximum ciliate concentration in North Patagonian lakes (Woelfl, 2007) . The food concentration was depleted during the experiments but some food always remained. Sets of 10 replicates were either incubated in the dark or under a 12:12 h light/dark cycle at 200 mmol photon m 22 s
21
. Five controls without copepods were run together with each set of 10 replicate experiments to determine prey survival rates.
Concentrations of Stentor were determined at the end of each experiment by counting. Digestion was checked under an epifluorescence microscope by looking for autofluorescence in the faeces (green filter system BP515-560, Leitz Fluovert FS, Leica-Mikroskopie GmbH, Wetzlar, Germany). The clearance rate of the copepods (CR; mL ind 21 day
) was calculated as
where IR is the ingestion rate (cil ind 21 day
) and C S the start concentration of Stentor (cil mL
). The C content of the copepods was estimated by using a length-dry weight relationship (Woelfl and Geller, 2002) . The dry weight of Stentor was determined according to Berberovic and Pinto-Coehlo (Berberovic and Pinto-Coehlo, 1989) . The mean dry weight of 0.51 + 0.04 mg ciliate 21 was multiplied by the 50% carbon content of the dry weight (Børsheim and Bratbak, 1987) .
For the measurement of AE, 200 -300 Stentor of both species including the endosymbiotic Chlorella were put in 100 mL of filtered lake water, spiked with 20-40 mL of NaH 14 CO 3 (1.9 GBq mmol 21 , NEN) and incubated for 24 h in the light ( 200 mmol photon m 22 s 21 ). Afterwards, the labelled ciliates were transferred through three baths of 0.45-mm filtered lake water to obtain radioactive food in nonactive water. To determine the activity of the ciliates, subsamples of 15 specimens were put in a plastic vial (4 mL, Packard, USA), 2.5 mL of scintillation cocktail (Emulsifier Safe, Perkin Elmer, Shelton, CT, USA) was added to the vials and radioactivity was measured using a Liquid Scintillation Analyser (LS 6500, Beckman, USA). For the experiments, 15 labelled specimens of each Stentor species were suspended in 15 mL of 0.45-mm filtered lake water, together with one copepod (female or male), and incubated for 24 h at 15 + 18C under 12:12 h light -dark cycles (PAR: 200 mmol photon m 22 s
). The radioactivity of food decreased by 23% within 24 h. The surviving ciliates were counted under the stereomicroscope to calculate the number of ingested Stentor. Afterwards, the copepod was removed and maintained in filtered lake water until the gut was empty, indicating complete defecation of the previously ingested radioactive diet (between 2 and 24 h). Later, animals were dissolved in 200 mL of tissue solubilizer (SolueneTM, Packard) in scintillation vials at 608C for 30 min. After adding a scintillation cocktail, radioactivity was measured as described earlier. The faecal pellets were carefully removed from the experimental vials and the gut evacuation vials and checked for radioactivity. In some cases, no faecal pellets were found leading to a lower number of measurements compared with the absorption measurements. The AE was calculated as
where A C is the activity in the copepod (Bq), As the average activity of the food Stentor (Bq) and S the number of ingested Stentor. In a similar way, the proportion of faeces relative to the ingested food was estimated from the radioactivity of the faeces (A F ).
Regarding epilimnion field samples, eleven formalinsugar fixed zooplankton samples were analysed from Lake Pirehueico (April-December 1991) and four from Lake Ranco (April 2010-January 2011) (for a detailed description of these lakes, see Woelfl and Geller, 2002; Woelfl, 2007) . We separated all Mesocyclops and dissected all specimens, showing the characteristic gut colouring caused by ingested Stentor using a stereomicroscope at Â10-50 magnification. The gut content was examined in detail at Â100-1000 magnification to verify whether it was Stentor.
In the ingestion experiments, females of M. araucanus were considerably larger (length: 1.15 + 0.08 mm, mean + SD; n ¼ 58) than males (length: 0.85 + 0.06 mm, n ¼ 77 ). Both females and males ingested both Stentor species confirmed by green/black colour under translucent light and red chlorophyll a fluorescence under blue light excitation (Fig. 1a and b) . However, Stentor was not completely digested, as many algae in the faeces still showed good red autofluorescence (Fig. 1c) .
The survival rate of the ciliates was 98 + 1% after 24 h in the controls without Mesocyclops, and they were still actively swimming. The ingestion rates of females and males of M. araucanus on S. araucanus and S. amethystinus were similar under light and dark conditions in all cases ( Fig. 2a ; P ¼ 0.188-1.000; Dunnett's T3 post hoc test after one-way ANOVA). Differences between copepod sexes when feeding on the same Stentor species under similar light conditions were found only for S. araucanus in the light (P ¼ 0.004) but not in the dark (P ¼ 0.254) and not for S. amethystinus (P ¼ 0.623-0.689). However, ingestion rates of females and males were always significantly higher on S. araucanus (14-17 ciliates copepod 21 day
) than on S. amethystinus (7-8 ciliates copepod 21 day
; P ¼ 0.000). Similarly, mean clearance rates of both adult stages were ). The ingestion relative to the individual copepod biomass was higher for males than for females (Fig. 2b ) since they were smaller (4.46 + 0.79 mg dwt) compared with females (9.71 + 1.63 mg dwt). The mean daily ingestion of Stentor was 44-103% (females) and 79-183% (males) of the copepod biomass.
The average absorption efficiency ranged between 5% for females feeding on S. amethystinus and 40% for females feeding on S. araucanus (Fig. 2c) . The efficiencies of the females were significantly higher than those of males for S. araucanus (P ¼ 0.015; Dunnett's T3 post hoc test after one-way ANOVA) but lower than those of males for S. amethystinus (P ¼ 0.004), whereas the efficiencies of the males were similar for both the prey species (P ¼ 1.000). The proportion of faeces varied on average between 18 and 30% of the ingested food and did not differ between the sexes of copepods nor between the Stentor species (P ¼ 0.558).
Revisiting field samples, we analysed 393 Mesocylcops from Lake Pirehueico and 478 from Lake Ranco. Copepods with ingested ciliates, easily recognized by the dark blue-green colouring of their intestine (Fig. 1d) , revealed Stentor in all 510 dissected animals. All ingested ciliates were S. araucanus during that period although S. amethystinus was also present in the lakes. From April to October, 65-95% of Mesocyclops adults had ingested Stentor in Lake Pirehueico (mean: males: 70%; females: 82%; Fig. 3a ). This proportion decreased to values between 33 and 64% during late spring (November, December). The proportion of copepods that ingested Stentor increased with the density of S. araucanus and reached high values (.60%) at low ciliate concentrations of !8 ind L 21 (Holling type-II response; Fig. 3b ). In Lake Ranco, both sexes of Mesocyclops had ingested Stentor similar to copepods from Lake Pirehueico. At high ciliate densities during fall 2010, 91-93% of males and females had ingested S. araucanus, whereas at low ciliate densities during spring 2010, this proportion decreased to 32-54%.
This study confirmed by microscopic observation that the copepods ingested the ciliates although they were not digested completely. Copepods ingested Stentor in the experiments when the latter was offered as a single food, which was different from field conditions in the lakes. Copepods are selective predators and cyclopoid copepods select prey on the basis of size, hardness, behaviour as well as predator satiation. The effects of cyclopoid copepods on ciliates may depend on the abundance of alternate prey (Wickham, 1995b) . Thus, ingestion rates on Stentor are probably lower in the field if more suitable food is available. Furthermore, prestarvation of the copepods may have overestimated ingestion, whereas the depletion of food concentration during experiments may have underestimated it. Ingestion rates were independent of light conditions or copepod sex when Mesocyclops fed on one Stentor species. Previous observations found that cyclopoid copepods detect their prey with the help of mechanoreceptors (Rabette et al., 1998) . Ingestion rates differ between the two ciliate species, being twice as high on S. araucanus as on S. amethystinus. Stentor araucanus is larger (200-300 mm) than S. amethystinus (150 -250 mm) and, thus, it might be easier to detect and may provide more energy after ingestion. Furthermore, the two Stentor species might posses different chemical defence mechanisms, e.g. toxic stentorin (Miyake et al., 2001) . Notably, the proportion of copepods with ingested ciliates reached high values at relatively low ciliate density (!8 ind L 21 ) in the field (Fig. 3b) .
The measured clearance rates of Mesocyclops (0.36 -0.89 mL ind 21 h
) were in the same range as found by Wiackowski et al. (Wiackowski et al., 1994) (Wickham, 1995a) . However, since food concentration was not constant during the experiments, comparisons with the literature data should be made with caution. The average ingestion of Stentor by Mesocyclops ranged between 44 and 183% of the copepod biomass per day, indicating that these ciliates represent a suitable food source for M. araucanus and might cover their energy demand. Ciliates ingested by different Boeckella species from an Andean lake (Balseiro et al., 2001) and from New Zealand lakes provided between 7.5 and 74.3% of the daily carbon requirements (Burns and Schallenberg, 2001) . The absorption efficiencies of Mesocyclops measured in our experiments (5 -40%) were close to values of the assimilation efficiency of zooplankton, which was 33-69% in undisturbed environments and 11-29% in systems with high nutrient input and high food availability (Olsen et al., 2007) . The radioactivity of Mesocyclops faeces (average proportion 20-30% of ingestion) confirmed the incomplete digestion observed under the microscope.
Copepods may exert a strong top-down pressure on ciliates under certain conditions. For instance, Diacyclops consumed . 90% of the ciliate population (Strombidium, Strobilidium, Urotricha, 27-40 mm in diameter) during an 8-day experiment (Wiackowski et al., 1994) . The potential top-down pressure of Mesocyclops on Stentor in North Patagonian lakes is difficult to estimate and depends on predator and prey density. In situations with many ciliates and few copepods, grazing should be low. At low Stentor biomass and high Mesocyclops biomass, however, the importance of a top-down control may increase. For instance, assuming a predator density of 1 copepod L 21 , a proportion of 50% feeding on prey at a concentration of 10 ciliates L 21 (see Fig. 3b ), and an ingestion rate of 12 ciliates copepod 21 day 21 (see Fig. 2a ; this would represent an average gut passage time of 2 h), grazing would remove 60% of the Stentor standing stock per day. We suggest that Stentor is a common and important prey of Mesocyclops in ultra-oligotrophic lakes where alternative food sources are scarce, and that grazing pressure represents a considerable loss for Stentor, which may be even stronger considering potentially damaged ciliates by sloppy feeding of the copepods. We conclude that Stentor might be a significant intermediary in the transfer of microbial production to larger suspension-feeders. Since primary production by endosymbiotic algae of ciliates contributed up to 25% to the total pelagic primary production (Woelfl and Geller, 2002) , the consumption of Stentor by copepods channels a significant part of primary production directly to metazooplankton, avoiding respiratory losses at intermediate trophic steps, potentially increasing the trophic transfer efficiency in the lake food web.
